Abstract-In a cellular network, the channel assignment is a mechanism that assigns channels to mobile users in order to establish a communication between a mobile terminal and a base station. It is important to determine an optimal allocation of channels that makes efficient use of channels, which are limited resources, and minimizes call-blocking and call-dropping probabilities. In this paper, we present two efficient integer linear program (ILP) formulations that optimally allocate a channel to an incoming call from a pool of available channels such that the "hard" and "soft" constraints are satisfied. The first formulation does not allow channel reassignment of existing calls, while the second formulation allows such reassignment. Our formulations can handle hard constraints, that includes both co-site and adjacent channel constraints, in addition to the standard co-channel constraints. The simplified problem (with only co-channel constraints) can be treated as a special case of our formulation. In addition to the above hard constraints, we also consider soft constraints such as the packing condition, resonance condition and limiting rearrangements to further improve performance. Experimental results on a benchmark 49 cell environment with 70 channels are used to validate our approach.
I. INTRODUCTION
In recent years, there has been a tremendous growth in the demand for mobile communication services. The cellular principle partitions a geographical area into cells where each cell has a base station and a number of mobile terminals (e.g. mobile phone). The base station is equipped with radio transmission and reception equipment. A group of base stations are connected to the Mobile Switching Center (MSC). The MSC connects the cellular network to other wired or wireless networks. The base station is responsible for the communication between a mobile terminal and the rest of the information network.
In order to begin communication with a base station, a mobile terminal must obtain a channel from the base station; where a channel consists of a pair of frequencies: one frequency (the down-link) for transmission from the base station to the mobile terminal, and another frequency (the up-link) for the transmission in the reverse direction. The channel assignment problem deals with assigning an appropriate channel for each communication request that arrives in a cell. In order to avoid radio frequency interference between channels, the selected channel must satisfy the following electromagnetic compatibility constraints [1] , also referred to as hard constraints.
i) Co-channel constraint (CCC): The same channel cannot be assigned to two cells that are separated by a distance less than a specified minimum reuse distance, r 0 .
ii) Co-site constraint (CSC): Channels in the same cell must be separated by a minimum amount g.
iii) Adjacent channel constraint (ACC): Channels assigned to neighboring cells must be separated by a minimum amount w.
In addition to the above hard constraints, which must be satisfied, there are a number of soft constraints. Such constraints are used to guide our channel assignment scheme to an improved solution, but may be violated if necessary [2] . The soft constraints addressed in this paper include the following: i) Packing condition, which tries to use the minimum number of channels every time a call arrives [3] . This condition encourages the selection of channels already in use in other cells as long as the hard constraints are satisfied.
ii) Resonance condition, which tries to assign the same channels to cells that belong to the same reuse scheme [3] .
iii) Limiting rearrangement, which tries to assign, whenever possible, the same channels assigned before to the existing calls, thus limiting the reassignment of channels. Channel reassignment is the process of transferring an ongoing call to a new channel without call interruption [4] , and can lead to a lower call blocking probability. Reassignment in the entire cellular network upon the arrival of a new call will obviously result in lower call blocking probability, but it is complex, both in terms of time and computation [3] . Therefore, the reassignment process is limited to the cell involved in new call arrival. Limiting rearrangement condition is used to prevent excessive reassignment in a cell [3] .
Generally, channel assignment schemes are divided into three categories; fixed channel-assignment (FCA), dynamic channel-assignment (DCA), and hybrid channel-assignment (HCA). In FCA, a fixed number of channels is assigned to each cell beforehand, based on estimated traffic, and in DCA, channels are dynamically allocated based on incoming call and the current network configuration. HCA is a hybrid of both FCA and DCA.
In this paper we present two optimal integer linear program (ILP) formulations that can be used for the hybrid channel assignment (HCA) problem in wireless cellular networks. The first formulation does not consider reassignment of existing calls in the cell, while the second formulation allows such reassignment to further reduce the blocking probability. Our approach can also be easily applied to the dynamic channel assignment (DCA) problem as well. Many existing channel assignment schemes solve a simplified version of the problem that only addresses the co-channel constraint (CCC) [5] , [6] . Our approach not only handles all three hard constraints, it also takes into consideration the above soft constraints as well.
The remainder of the paper is organized as follows. In section II, we review the relevant work on channel assignment schemes for cellular networks. In section III, we present our ILP formulations. We discuss our experimental results in section IV and conclude in section V.
II. REVIEW
The availability of channels or frequency spectrum is very limited, as compared to the exponential growth of mobile terminals. This requires a method to share these channels for efficient assignment and proper management of channel resources. The channel assignment problem is the problem of allocating frequencies to mobile terminals and base stations such that the network's capacity, in terms of number of mobile users, is maximal. This is a well-known NP-hard problem [29] and has been widely investigated in the literature. Various channel assignment schemes have been proposed to find better ways to assign channels to a call and to achieve higher level of channel reuse, which can be broadly classified as FCA, DCA and HCA schemes.
The FCA schemes [8] , [9] , [10] , [11] , [12] allocate channels permanently to each cell based on predetermined estimated traffic. FCA scheme is simple but it does not adapt to changes in traffic conditions. In a cell, a channel can be assigned to a call using FCA, only if there are free channels available in the predetermined set for this cell. Otherwise, the call might be rejected even though there are many channels available in the network.
In DCA schemes [13] , [14] , [15] , [16] , [17] , [18] , [19] , the channels are assigned on a call-by-call basis in a dynamic fashion and the entire set of channels is accessible to all the cells. DCA makes wireless networks more efficient, especially if the traffic load distribution is not known beforehand or varries with time. The advantage of dynamic channel assignment is the flexibility and the traffic adaptability, since channel assignment is based on the current network conditions. DCA methods have better performance than fixed channel assignment methods for light to medium traffic load [6] . Most of the proposed DCA algorithms are heuristic based and do not guarantee an optimal solution. In addition, many existing DCA schemes consider a simplified problem with only co-channel constraints [13] , [20] , [14] , [15] , [17] , [18] , [19] , [21] . Recently, DCA schemes for multi-hop wireless communications [22] , [23] , [24] , [25] , [26] have also been proposed.
The Hybrid channel-assignment (HCA) [5] , [6] , [7] , [27] , [28] combines the features of both FCA and DCA techniques to overcome the drawbacks of FCA and DCA. In HCA, the set of channels is divided into two subsets [6] , the Fixed Channels set (or FC set: a set of channels permanently allocated to given cells) and the Dynamic Channels set (or DC set: a set of channels available to all cells). The ratio of the number of channels in each set is fixed a priori by the cellular network designer. For example, the representative ratios, FC:DC, for a set of 70 channels could be: 35:35, 49:21 or 21:49. When a new call arrives in a cell, the system first tries to serve it from the set of fixed channels, FC. If no channel is available in the set of fixed channels FC, then the DCA scheme determines a suitable channel from the set of dynamic channels DC, satisfying the interference constraints and the traffic demands in cells.
III. ILP FORMULATION FOR HYBRID CHANNEL ASSIGNMENT
Channel assignment schemes help to increase the network's capacity by efficiently distributing the channels across the network. The reuse distance r 0 is the minimum distance at which two distinct cells i and j can use the same channel, without co-channel interference. We assume each base station j in a cellular network has a computer that stores the current state of its cell. The state of the cell includes information about channels, mobiles, and ongoing calls in the cell. Each base station sends its state to other base stations through a wired network between their computers. Channel assignment is made by the computer of the concerned base station according to the channel usage information stored in the allocation matrix. Let, C be the total number of cells in the network and L max the total number of channels in the network. The allocation matrix A is the binary matrix of size C × L max such that
The allocation matrix is updated every time a channel is allocated or released in the network, and each base station receives a copy of the allocation matrix. The total number of channels is divided into two sets: FC and DC. If FC is empty, then the problem reduces to the classical DCA problem.
When a call arrives in a cell k at time t, we first search for a channel in the FC set that can serve the call. If no such channel is available from FC then we apply our ILP formulations on the DC set to obtain a best assignment of channels in cell k. The solution contains channels to be assigned to all ongoing calls in the cell k (ongoing calls maybe re-assigned new channels to minimize blocking or dropping of calls, for ILP2) and the channel to be assigned to the new call.
A. Notation used:
In our ILP1 and ILP2 formulations, we will use the following symbols to represent input data:
• k: Cell where a call arrives.
• d k : Number of calls in cell k (traffic demand in cell k), including the new call.
• r 0 : Reuse distance.
• r 1 : Minimum distance between cells to avoid adjacent channel interferences.
• g: Co-site interference channel interval.
• w: Adjacent site interference channel interval, g ≥ w.
• C: Number of cells in the network.
• L max : Maximum number of dynamic channels.
• B: Set {1, 2 
if cell i and cell j belongs to the same reuse scheme, 0 otherwise.
where each element, a i,j , is defiled as follows:
We also define the following binary variables:
existing call or new call in cell k, 0 otherwise.
B. ILP Formulation without Channel Reassignment (ILP1)
We now present our first ILP formulation that allocates a free channel to a new call without any reassignment of existing channels. Using the notation given above, we formulate ILP1 as follows:
Objective function:
Subject to: 1. Constraint for one channel per call.
2. Co-channel constraint.
3. Co-site constraint.
4. Adjacent channel constraint.
In our formulation, the "hard" constraints are handled by equations (2) - (5). There may be multiple channels that satisfy these constraints. The objective function specified in (1) selects one such channel that best meets the requirements of the "soft" constraints as well. W 1 and W 2 are positive constants and determine the relative significance of the different terms. The first term expresses the packing condition. The objective value decreases if channel l is also in use in cell i, and the cells i and k are free from co-channel interference. The decrease in the value depends upon the distance between the cells i and k. The second term expresses the resonance condition. The objective value decreases if channel l is also in use in cell i, and cells i and k belong to the same reuse scheme. Therefore, the objective function attempts to increase packing and assign the same channel to cells that belong to the same reuse scheme.
Constraint (2) ensures that each call is allocated exactly one channel from the pool of available dynamic channels that are currently not in use in cell k.
Constraint (3) enforces the co-channel constraint by ensuring that a channel l ∈ B f is not selected for a call in cell k if it is already in use in any neighboring cell i, i.e., if i and k are separated by a distance less than the reuse distance r 0 .
Constraint (4) is the co-site constraint. It ensures that a channel l is selected in cell k only if it separated by at least the co-site interval, g, from any other channel q, currently in use in cell k.
Constraint (5) states the adjacent channel constraint. It ensures that a channel l is selected in cell k only if it separated by at least the adjacent channel interval, w, from any other channel q, currently in use in a neighboring cell i, which is at a distance r 1 . Normally, g ≥ w and r 1 ≤ r 0 .
C. ILP Formulation with Channel Reassignment (ILP2)
Channel reassignment, the process of transferring an ongoing call to a new channel without call interruption [4] , can improve the quality of service in terms of lowering call blocking probability. Hence it is an important process in dynamic channel allocation. We now present our second ILP formulation that makes use of reassignment of existing channels. Using the notation given above, we formulate ILP2 as follows:
Equation (6) is the objective function. The first two terms are similar to the terms in ILP1. The third term expresses the limiting rearrangement condition. This term results in a decrease in the objective value if the new assignment for the ongoing calls in the cell k is same as the previous allocation. As in ILP1, W 1 , W 2 and W 3 are positive constants and determine the significance of different terms.
Constraint (7) ensures that each call is allocated exactly one channel among all dynamic channels.
Constraint (8) enforces the co-channel constraint and is similar to constraint (3) except that here, we consider every dynamic channel m ∈ B.
Constraint (9) is the co-site constraint. It ensures that two channels m ∈ B and p ∈ B are not selected in cell k if they do not have enough co-site interval distance, g.
Constraint (10) is the adjacent channel constraint, and is similar to constraint (5) except that here, we consider every dynamic channel m, p ∈ B.
IV. CELLULAR MODEL ASSUMPTIONS
The basic characteristics of the model and assumptions are as follows:
1) The topological model is a group of 49 hexagonal cells that form a parallelogram shape, as shown in the Fig. 1 .
2) The total number of channels for the network is 70, distributed in FC and DC, i.e., |FC ∪ DC| = 70. A channel serves one call at most. 3) Incoming calls at each cell may be served by any of the channels. 4) The selection of a channel is subject to co-channel, cosite and adjacent channel interference. 5) The basic object of the network model is the link, that is a communication between a base station and a mobile through a channel. 6) A new call at cell k is blocked if no channel is available to satisfy the electromagnetic interference constraints. 7) Existing calls in a cell involved in a new call arrival may be re-assigned new channels (ILP2 only). In the paper, we assume the traffic model to follow the blocked-calls-cleared queuing discipline. An incoming call is served immediately if a channel is available, otherwise the new call is blocked and not queued. The most fundamental characteristics of this model include: infinite number of users, finite number of channels for the network, no queue for new calls, call arrival follows a Poisson process with mean arrival rate of λ calls /hour, and call duration is exponentially distributed with mean x. Inter-arrival time follows a negative exponential distribution with mean x. The product of the mean arrival rate and the mean call duration gives the traffic load offered to the cellular network. We used non uniform traffic distribution (where each cell may have a different call arrival rate) and considered the traffic pattern used in [3] shown in Fig. 1 . The entry in a cell represents the mean call arrival rate per hour, under normal load condition. In our simulations, similar to the works in [6] , we used three representative ratios of fixed and dynamic channels, FC:DC, 21:49, 35:35 and 49:21. The initial load in each cell was set to 60% of the normal load and the results were obtained by increasing the traffic rates by 33% for all cells in each pattern, with respect to the initial rates on each cell. The performance of the ILP formulations is derived in terms of blocking probability for new incoming calls, which is defined as the ratio between the number of blocked calls and the total number of call arrivals in the system. In all of our experiments, set the reuse distance, r 0 = 3. We also set W1 = 1.5, W2 = 2 and W3 = 1, which were determined by trial-and-error. Table I shows the blocking probabilities for channel allocation without any reassignment of existing calls (obtained using ILP1). As expected the blocking probability increases with increasing traffic load on the network, and with the required channel interval for co-site constraint (g) and adjacent channel constraint (w), but the network performs better as the number of dynamic channels increases. This was expected as the higher number of dynamic channels means that the scheme get more freedom and can choose channels from a larger set to assign to calls.
We have tested ILP2, where channel reassignment is allowed, with different combinations for the values of g and w, each ranging from 1 to 4. Fig. 2 shows the blocking probabilities when g = 2 and w = 2. Results with other values of g and w are similar. As before, blocking probability increases with traffic, and also with required channel intervals for co-site and adjacent channel constraints. However, as shown in the figure, the 21:49 ratio consistently gives the best performance, followed by 35:35 and 49:21. Fig. 3 shows how the blocking probabilities are affected by the requirement of different values of co-site and adjacent channel intervals, for the ratio 21:49, under reassignment scheme. We see that even small changes in the values of g and w can have a significant effect on the blocking probability. The results for the 35:35 and 49:21 ratios followed a similar pattern, but the overall blocking probabilities were higher. Fig. 4 shows the effect of channel reassignment on blocking probability, for the ratio 21:49, under reassignment scheme (results with other ratios were similar). Our results indicate that although channel reassignment does reduce blocking probability, the amount of improvement seems to vary with traffic load and the values for g and w. We are conducting further experiments to determine the conditions under which channel reassignment is most beneficial.
Finally, we have compared our approach with the evolutionary strategy (ES) based HCA scheme proposed in [6] , which considers co-channel constraints only. We simulate this by setting g = 1 and w = 1 in our formulation. Initial traffic in each cell, percentage increase of load and other parameters including the values of W 1 and W 2 were set to the same as in [6] . Table II compares the results, where the rows ES and ILP1 indicates the blocking probabilities in [6] and our ILP1, respectively, under different traffic loads. As shown in the table, our results without channel reassignment are similar to those in [6] with channel reassignment. [6] .
VI. CONCLUSIONS
In this paper we have presented two new integer linear program formulations for hybrid channel assignment in wireless cellular networks. The first formulation does not allow channel reassignment for existing calls, while the second formulation is capable of performing channel reassignment. To the best of our knowledge, these are the first formulations for optimally solving the hybrid channel assignment problem that take into consideration the co-site and the adjacent channel constraints, in addition to the co-channel constraints. We also integrate soft constraints such as the packing condition, resonance condition and limiting channel reassignment to further optimize the objective function. The results indicate that even without channel reassignment, our approach (in ILP1) produces results comparable to some existing schemes that perform reassignment. Additional improvements can be obtained if we allow channel reassignment (in ILP2) as well.
